Introduction.
Resin Infusion (RI) process is one of the common techniques used in the industry for large composite parts production. This technique uses vacuum pressure to drive the resin into a laminate. Preform is laid dry into the mold and the vacuum is applied before the resin is introduced. Once a complete vacuum is achieved, resin is sucked into the laminate via placed tubing. Fig.1 shows a diagram of this process.
An appropriate modeling of flow front's shapes constrained by LRI process during filling can be based on the continuous deformation of the vent oriented flow pattern due to the driving pressure from the inlet. One of the main objectives is that the flow achieves the contour vent uniformly to avoid pressure drop and ensuring complete filling. In LRI, the flow front shape progression is mainly conditioned by the initial arrangement of the injection line allocation and the permeability of the preform that can evolve along the mold.
Fig.1 Resin Infussion Process
The main awareness of this research [1] , [2] , [4] is to develop computational tools that should be based on the geometry of the flow path trough the mold filling. A suitable modeling of flow front's shapes constrained by LRI process can be based on next main assumptions:
• The continuous deformation of the naturally produced shapes of the front is radial to the injector towards the vent line. One of the objectives is that the flow achieves the vent uniformly to avoid pressure drop and preventing complete filling.
• The deformation needed to prevent dry areas imposes that the flow has to be vent-oriented and avoiding flow encounters.
• The flow fronts filling time can be related to the distance of the flow path from the inlet to the outlet.
• In terms of design and control strategies and in order to guarantee the filling mold robustness, the flow front can be evaluated and monitored with appropriate computational reference benchmarks.
The basis of the mathematical/computational treatment of these assumptions are presented ahead considering a numerical approach based on the curvature analysis of the pressure and flow pattern during filling. The front curvature evolution computation is proposed just to have another simple numerical tool for the injection and vent lines design.
A Level Sets approach for Flow Front shapes modeling constrained by the LRI process
In this section a level set approach [5] is used to model non-physically the different alternatives of the front shape evolution during filling as the zero set of an implicit function ø . In [1] is presented the technique for a proper use in the numerical treatment of the advancing resin front. This technique treats the resin flow front in a simplified manner that allows one to use it as a design tool to predict the flow behavior in different prescribed conditions. The evolution of this implicit function under an external velocity field can be written as
where, sub-index indicate a partial derivative with respect to that variable. If we assume that the velocity field at the flow front is normal to the implicit function ø itself, v = V n n and that it can be modeled by setting V n = a − bk in the level set equation Eq.1 as
where a is a constant and ø is defined as a signed distance function, i.e., 1 ø ∇ = . Since our goal is to account for the radial effect of the flow behavior, we have include a curvature dependent term with bk ø ∇ , where b is a constant that modules the mean curvature k defined as
See [5] for details on the discretization of these equations. Some possibilities on the use of the procedure are shown in next figures.
In Fig. 2 are depicted the ø implicit functions obtained from Eq. 2 with a=-1 and b=5 throughout the mold (these values are arbitrary in this example). The figures consider four different iterations (first, last and to intermediate) and their corresponding zero level sets. The curves along history are represented over the geometry of the squared mold in Fig.3 .
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It can be observed in Fig.4 the mean curvature k values for the whole mold after complete inwards flow advancement. It is important to appreciate that the zero level sets have a peak value of their curvature near de inlet. Moreover, it is clearly shown how they loose curvature smoothly near the vent for the horizontal section of the inlet and that the curvature is increasing near the vent for the diagonal section. These representations are useful to highlight the influence of the curvature of the vent line in the advancing fronts. Fig.2 . Evolution of the level set functions ø and its zero level set contour with inwards advancing fronts in a squared mold. (Fig.3) . Right. Curvature k of the horizontal central section (-.-) and diagonal section (-). Sections depicted in Fig.3 Right.
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Dependency of flow pattern curvature with the geometrical shape of the inlet and vent lines
In case we obtain the appropriate computational resolution based on Finite Elements and a Control Volume technique of the flow kinematics during filling taking into account the physical phenomenon allows one to relate the pressure and flow pattern curvature with the geometrical shape of the injection and vent lines. In this section, a numerical procedure is used to determine the flow motion under dynamic behavior due to the processing and design parameters for simple pressure and filling simulations using a FEM/CV technique previously developed by the authors and the numerical implementations based on de discretization of Eq.2 and Eq.3 of the previous sections. In Fig.5 is depicted the radial injection of a squared mold. The injection nozzle is set to have a constant pressure and the contour of the mold is set to have null pressure acting as a vent line. The zero pressure function is obtained as the flow front advances during filling. Each contour defines the shape and position of the flow front simulated during filling. It can be observed that the flow achieves the vent without the complete filling of the corners. The curvature plots are shown for the complete mold and for the horizontal central section (-.-) and diagonal (-) as in the previous Fig.4 . It is important to note the lack of information regarding the vent shape.
In next example of Fig. 6 a FEM/CV simulation of the pressure field with saturated flow is computed in order to have in one shot an ideal option of a complete filling. This assumption would allow one to have information though the curvature regarding the influence of the inlet and outlet shapes to the pressure evolution from the inlet to the vent.
In Fig.7 the curvature evolution is compared for the three cases treated previously: Zero level sets (black-), zero pressure sets (blue-) flow fronts and pressure field in saturated flows (red·). It is observed that the zero level sets and the pressure in saturated flow can be used as benchmark references for curvature analysis for the inlet and outlet flow front evolution during filling. It is important to note, nevertheless, the noise of the numerical method that the FEM induces in the curvature. It can be overcome with an improved discretization. branches can be modeled by means of the curvature evolution depending on the size of the branches used to define the inlet. It can be observed in Fig.8, Fig.9 , and Fig.10 with the methodology stated before how affect the inclusion of a horizontal branch on the injection gate. All the computations of the flow filling advancing have been carried out by a FEM/CV technique. 
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Application in real time flow front dynamic characterization based on Artificial Vision
The main awareness is that the methodology treated in previous sections is based on the geometry of the flow path trough the mold. Another interesting application is focused on obtaining a real time computational tool that allows one to characterize the dynamic flow behavior of the flow front during filling.
In next figures are shown the result of an experiment carried out in a rectangular rigid mold with a constant pressure injection line on the left. Two areas of textiles with different permeabilities are placed in order to yield flow distortions during filling. The objective was to obtain V n = a − bk from Eq.2. Constant b is set to zero, then the flow is assumed to be normal and scaled outwards from previous image. The values of V n = a are then calculated from Eq.2 with the level set functions ø obtained directly from the images. Values of a are computed for each mold location (in gray colors) during filling and give us information in real time of the velocity fields variations during filling due to the textile permeability variations. 
Conclusions
An appropriate modeling of flow front's shapes constrained by LRI process during filling can be based on the continuous deformation of the vent oriented flow pattern due to the driving pressure from the inlet. In LRI, the flow front shape progression is mainly conditioned by the initial arrangement of the injection line allocation and the permeability of the preform that can evolve along the mold. Moreover, the vent line is usually located on the contour of the part and hence its shape depends on the part's one.
In this work it has been presented a numerical procedure that allows one to relate the pressure and flow pattern curvature with the geometrical shape of the injection and vent lines. Moreover the computational approach can be used to determine the flow motion under dynamic behavior during filling and establish reference benchmarks. The main objective, regarding to establish the capabilities of the use of curvature as an indicator of the advancing front shapes for the whole domain, has been accomplished.
